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Recent  studies  using  molecular  genetics,  electrophysiology,  in vivo  imaging,  and  behavioral  analyses  have
elucidated  detailed  connectivity  and  function  of  the  mammalian  olfactory  circuits.  The  olfactory  bulb  is
the ﬁrst  relay  station  of olfactory  perception  in  the  brain,  but it is more  than  a simple  relay:  olfactory
information  is dynamically  tuned  by local  olfactory  bulb  circuits  and  converted  to spatiotemporal  neurallomerulus
ateral inhibition
emporal coding
evelopment
lasticity
code  for higher-order  information  processing.  Because  the  olfactory  bulb  processes  ∼1000 discrete  input
channels  from  different  odorant  receptors,  it serves  as a good  model  to  study  neuronal  wiring  speciﬁcity,
from  both  functional  and developmental  aspects.  This review  summarizes  our current  understanding
of  the  olfactory  bulb  circuitry  from  functional  standpoint  and  discusses  important  future  studies  with
particular  focus  on its  development  and  plasticity.
©  2014  The  Authors.  Published  by Elsevier  Ltd. This  is  an open  access  article  under  the  CC  BY-NC-SA
license  (http://creativecommons.org/licenses/by-nc-sa/3.0/).
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synapses are known to be reciprocal synapses where pre- and post-
synapses are closely located, and GABA release is controlled by
dendritic Ca2+ spikes rather than action potentials.
Fig. 1. OB circuitry. (A) Organization of a glomerular circuitry. Each glomerulus
receives convergent axonal inputs from OSNs expressing a given OR. OSNs release
glutamate to tufted, mitral, periglomerular, and short axon cells. Periglomerular
cells send GABAergic inhibition to other neurons as well as to OSN  axon termini.
Short axon cells are GABAergic and dopaminergic and mediate lateral inhibition
among glomeruli. PV neurons form dense connections with numerous mitral/tufted
cell dendrites and control global gain. Granule cells and deep short axon cells receive
centrifugal feedback from olfactory cortex, leading to inhibition or disinhibition of
mitral/tufted cells. Mitral/tufted cells associated with a common glomerulus are
called ‘sister’ cells. (B) Dendrite pruning of mitral/tufted cells. Mitral/tufted cells
initially extend multiple dendrites to multiple glomeruli (left). During early post-References  . .  . . .  . .  .  . .  . . .  .  . . .  . . . .  . . .  .  . . .  . . .  . . . .  . . . .  .  . .  .  . . .  .  . . .  . . . . . . .  .  . . 
. Introduction
Studies of the olfactory bulb (OB) have a long history. Over a
undred years ago, Camillo Golgi and Ramon y Cajal used the Golgi
taining method to study OB circuits in various species, and pro-
osed information ﬂow in the OB, for both sensory inputs and
entrifugal feedback [1]. However, our clear-cut understanding
f the OB circuitry came relatively recently, after the molecular
loning of odorant receptors (ORs) [2].
In the mammalian olfactory system, odorants are detected by
1000 types of ORs expressed by olfactory sensory neurons (OSNs).
ach olfactory sensory neuron expresses a single type of OR out of
1000, and OSNs expressing the same type of OR converge their
xons to a spherical structure in the OB, called glomerulus [3]. Thus,
 glomerulus is a functional unit in the OB representing sensory
nputs from a single type of OR. Within a glomerulus, odor informa-
ion is relayed to the second-order neurons, mitral and tufted cells.
owever, the OB is not just a relay station: mitral/tufted cells are
eavily modulated by intrabulbar circuits and centrifugal inputs.
uch modulations shape and produce a unique odor code by these
eurons. Recent studies incorporating molecular genetics, electro-
hysiology, in vivo imaging, and behavioral analyses have begun
o reveal how odor information is encoded in the OB and how
istinct circuits mediate various aspects of olfactory information
rocessing.
These studies also raised intriguing questions in circuit for-
ation. Because the OB is composed of ∼1000 different parallel
hannels from different ORs, the OB has to face a challenging task
n its wiring process. Thus, the OB would be an ideal model sys-
em, not only to understand sensory information processing, but
lso to investigate the origin of neuronal wiring speciﬁcity in the
rain. This review describes our current understanding of OB cir-
uit function and discusses the development of wiring speciﬁcity
n the OB. Due to space limitation, this review will only focus on
B circuitry and does not mention mechanisms of olfactory map
ormation by OSNs, which has been discussed previously [4–6]. For
ntroduction to olfactory cortical circuitry, please see the following
ecent excellent reviews [7,8].
. Odor information processing in a glomerulus
.1. Synaptic transmission in a glomerulus
Odor information detected by OSNs is ﬁrst processed in
lomeruli of the OB (Fig. 1A). OSNs expressing a given type of an
R typically project their axons to two glomeruli in an OB, one
n medial and the other in lateral side. Each glomerulus receives
xons from a single type of OSNs expressing a common OR. In mice,
 typical glomerulus receives ∼1,000 OSN axons. OSN axon ter-
inals release glutamate to post-synaptic neurons. Post-synaptic
eurons include two major types of glutamatergic neurons, mitral
ells and tufted cells. In addition, GABAergic periglomerular cells
nd short axon cells located in a juxtaglomerular area also receive
irect inputs from OSN axons. . . . . .  .  . . . . . . .  . . . . .  .  . . . . . . . .  .  . . .  . . .  . . . . . . .  . . .  .  .  . . . .  .  . . .  .  .  .  . . . .  . . .  . . .  .  . . . . . 186
A typical glomerulus is innervated by primary dendrites of
20–50 mitral/tufted cells, among which 5–20 are mitral cells [9,10].
Each of these neurons extends a single apical dendrite to a sin-
gle glomerulus, where their tufts ramify within the glomerulus.
They also extend long lateral dendrites (up to 1 mm long) within
the external plexiform layer, where they synapse with GABAergic
interneurons.
OB interneurons are diverse in terms of molecular markers.
However, a typical periglomerular cell exclusively ramiﬁes their
dendrites within a single glomerulus. Periglomerular cells can be
classiﬁed into calretinin-positive and calbindin-positive neurons,
although their functional distinctions remain elusive. Periglomeru-
lar cells are activated by OSN, tufted cells, and mitral cells, and
in turn send GABAergic inhibition back to all of them, as well as
for neighboring periglomerular cells [11]. Many of these inhibitorynatal period, they prune all but one primary dendrite and eventually establish a
single primary dendrite [44]. A mature mitral/tufted cell typically possesses a sin-
gle  primary dendrite and several lateral dendrites (right). OSN, olfactory sensory
neuron; PG, periglomerular cell; SA, short axon cell; PV, parvalbumin-expressing
interneuron; T, tufted cell; M, mitral cell; dSA, deep short axon cell; GC, granule cell.
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.2. Presynaptic inhibition
Periglomerular cells act not only on mitral, tufted, and
eriglomerular cells, but also on OSN axon terminals, known as
resynaptic inhibition. OSN axons express GABAB receptor and
2 dopaminergic receptors, and both mediates presynaptic inhi-
ition [12,13]. Presynaptic inhibition acts as feedback regulation
f synaptic transmission from OSNs, serving as a gain control
11,14]. Although interglomerular presynaptic inhibition has been
escribed in the Drosophila antennal lobe [15], interglomerular
ction of presynaptic inhibition remains controversial in the mam-
alian OB [16–18].
.3. Odor coding by ‘sister’ mitral/tufted cells
Mitral/tufted cells associated with a common glomerulus
re called ‘sister’ cells. Primary dendrites of sister mitral/tufted
ells are electrically coupled with gap junctions and glutamate
pillover, ensuring synchronous spiking [19–21]. However, sister
itral/tufted cells are not the same in odor coding: odor-evoked
esponses patterns and tuning were diverse among sister mitral
ells, suggesting non-redundant odor coding by these neurons
22,23]. This is likely because sister mitral/tufted cells are dif-
erentially tuned by inhibitory granule cells. Indeed, somata of
ister mitral/tufted cells are widespread and intermingled with
on-sister cells, i.e., two neighboring mitral/tufted cells are very
nlikely to be sisters. Furthermore, patterns of lateral dendrites are
iverse among sister cells [10]. Because lateral connectivity among
itral/tufted cells does not seem to be center-surround [24,25],
hey are likely to be independent in odor information processing.
onsistent with this notion, it is known that their post-synaptic
eurons in the piriform cortex are not shared among sister neu-
ons [26,27]. In Drosophila,  different subtypes of projection neurons
ncode different concentrations of odorants and mediate distinct
ehavior [28]. Currently, functional differences are established only
etween mitral vs. tufted cells, but they might be further subdi-
ided into functionally distinct subtypes in the future studies, based
n their connectivity and biophysical properties [29].
.4. Mitral cells vs. tufted cells
While both mitral and tufted cells receive excitatory inputs from
lomeruli and project axons to the olfactory cortex, their detailed
onnectivity and odor coding are different. A typical tufted cell is
ocated in the external plexiform layer (EPL) and extends lateral
endrites in the outer layer of EPL. Tufted cells can be further sub-
ivided into external, middle, and internal tufted cells based on
ocations of their somata in EPL. Tufted cells can also be identiﬁed
y their expression of cholecystokinin (CCK). In contrast, a typi-
al mitral cell is located in the mitral cell layer and extends lateral
endrites in the inner layer of EPL. Mitral cells tend to extend lat-
ral dendrites more extensively than tufted cells, and receive more
nhibitory inputs from granule cells [30]. Tufted cells are activated
y an odor at lower concentration threshold and typically show
horter response latency than mitral cells [31–33]. While tufted
ells receive direct inputs from OSNs, most of excitatory inputs
o mitral cells are indirect: Mitral cells receive excitatory inputs
ostly from dendrites of tufted cells associated with a common
lomerulus [32,34]. Thus, mitral cells receive more processed infor-
ation than tufted cells.
.5. Establishment of a glomerular circuitryEach mitral/tufted cell targets their primary dendrite to only
ne glomerulus. This forms a basis for the establishment of an
R-speciﬁc glomerular module in the OB. Convergence of OSNntal Biology 35 (2014) 180–188
axons to a glomerulus and mono-glomerular dendrite targeting of
mitral/tufted cells are important principles to maximize discrim-
inatory power of the olfactory system. However, mechanisms of
dendrite targeting by mitral/tufted cells are still poorly understood.
In the Drosophila olfactory system, wiring speciﬁcity of OSNs and
projection neurons (a Drosophila equivalent of mitral/tufted cells)
are genetically pre-determined and precise matching between
OSNs and projection neurons is mediated by various guidance
molecules, including semaphorins, ephrins, and Teneurins [35].
These mechanisms ensure innate stereotyped behaviors to odors.
Similarly in mammals, wiring speciﬁcity of mitral/tufted cells may
be genetically determined to a certain extent and molecular match-
ing may  mediate precise connectivity with target glomerulus. It has
been reported that the birthdate of mitral cells is a determinant
of neuronal circuitry: early-born and late-born mitral cells tend to
locate in the dorsal and ventral OB, respectively, and late-born neu-
rons tend to project their axons to olfactory tubercle [36]. It will also
be interesting to test whether cell lineage specify some aspects of
wiring speciﬁcity of mitral cells, as has been reported in the cere-
bral cortex [37–39] (but see also [40]). Alternatively, mitral/tufted
cells may  be naïve without inputs and their wiring speciﬁcity may
be established based on OSN inputs after stochastically choosing
one target glomerulus. Supporting this notion, it has been reported
that OSN inputs have instructive roles in the formation of OB cir-
cuitry. Glomerular circuitry is not formed in the absence of OSN
axons [41,42]. Furthermore, mice engineered to express a foreign
OR (rat OR in this case) can establish speciﬁc intrabulbar circuits for
that OR within the OB [43]. These two  scenarios for the wiring spec-
iﬁcation of mitral/tufted cells are not mutually exclusive but their
relative contribution needs to be investigated in future studies.
It has been known that each mitral/tufted cell initially connects
multiple primary dendrites to multiple glomeruli, and then elim-
inate all but one primary dendrite during the ﬁrst postnatal week
[44] (Fig. 1B). Thus, the wiring speciﬁcity of primary dendrites is
established by the pruning process rather than a directed guidance
process. Therefore, it is important to understand the mechanism of
dendrite pruning. It should be noted that little is known about cues
for the selective pruning process, compared to our accumulated
knowledge of the guidance process. It remains inconclusive to what
extent neuronal activity plays a role in the pruning process [45,46].
It has been known that functional maturation of glomerular cir-
cuitry, including the expression of glomerulus-speciﬁc molecules,
requires OSN-derived neuronal activity [47,48].
3. Interglomerular interactions
3.1. Lateral inhibition by short axon cells
Lateral inhibition is observed in many sensory systems and
is assumed to sharpen sensory representation. This can occur at
multiple levels in the neuronal circuits. In insect olfactory sys-
tems, lateral inhibition occurs already at the level of sensory
neuron somata by non-synaptic electrical antagonism within sen-
silla, likely by ephaptic coupling [49]. Ephaptic interactions have
also been proposed for mammalian OSNs, but this possibility has
yet to be examined experimentally [50].
In the OB, the molecular receptive range of mitral/tufted cells
are sharpened by GABAergic inhibition [51], and this is known
to occur in at least two layers: the glomerular layer and external
plexiform layer. In the glomerular layer, lateral inhibition is medi-
ated by short axon cells that innervate multiple glomeruli. Most
short axon cells are GABAergic and dopaminergic (TH+) [52,53],
while a minor population may  be glutamatergic [54,55]. GABAer-
gic lateral inhibition has been shown to be effective for glomeruli
separated by up to 600 m and mainly acts on external tufted cells
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Fig. 2. Interglomerular circuits by mitral/tufted cells. (A) Distribution of mitral cell
dendrites. Single-glomerulus electroporation was  used to label mitral/tufted cells
associated with a common glomerulus (sister cells). Injected glomerulus is shown
in  magenta, and remaining glomeruli are shown in gray. In this example, lateral
dendrites of 13 labeled sister mitral cells are shown. Somata of sister mitral cells
were widespread and were intermingled with non-sister cells. Lateral dendrites
were sparse and the pattern was not conserved among sister mitral cells. This may
support non-redundant odor coding by these neurons [22,23]. The lateral dendrites
mediate lateral inhibition via granule cells. Data was  modiﬁed from [10]. Scale bar,
500 m.  A, anterior; P, posterior; M,  medial; L, lateral. (B) Speciﬁcity of intrabulbar
and interbulbar circuitry. Tufted cell axons connect medial and lateral sides of the
OB.  Tufted cells project their axon collaterals to the other half of the OB and link iso-
functional glomeruli receiving a common OR inputs. Tufted cell axons also project
their axons to AONpE. The AONpE axons project axons through anterior commissure
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to  the contralateral OB, where they target to isofunctional glomerular modules. Hor-
zontal view is schematically shown. Schema was  modiﬁed from [87]. GC, granule
ell; OT, olfactory tubercle; AC, anterior commissure.
56]. Because the GABAergic/dopaminergic short axon cells medi-
te biphasic inhibitory and excitatory responses, they may  also
ontribute to temporally precise responses in mitral/tufted cells.
t remains unclear whether lateral inhibition by short axon cells
re center-surround or sparse [57,58]. Voltage dye imaging com-
ined with optogenetic manipulation of individual glomeruli could
ddress this issue in future studies.
.2. Lateral inhibitions by granule cells
In the external plexiform layer, mitral/tufted cells often extend
ateral dendrites of up to 1 mm-long, where they synapse with
ABAergic granule cells (Fig. 2A). Granule cells are largest pop-
lation of interneurons in the OB and can be subdivided into
everal types, based on their morphology and cell lineage [59],
lthough their functional distinctions are still poorly deﬁned. Like
eriglomerular cells, granule cells form reciprocal dendrodendritic
ynapses and dendritic Ca2+ spikes mediate recurrent inhibition of
itral/tufted cells [60–62]. Propagated spikes in granule cells also
ediate lateral inhibition to other mitral/tufted cells [63]. How-
ver, connectivity between mitral/tufted cells and granule cells are
ery sparse [25,64]. Indeed, a sparse, rather than dense, receptive
eld better explains odor response proﬁles of mitral/tufted cells
n vivo [65,66]. Therefore, rules governing the wiring speciﬁcity of
itral/tufted cells and granule cells would be an important issue
o understand the outcome of this lateral inhibition.ntal Biology 35 (2014) 180–188 183
In one scenario, the inhibitory circuits may  be formed between
synchronously activated neuronal pairs and desensitize responses
to familiar odors. Alternatively, the sparse inhibitory circuits may
be stochastic and sparse to allow for diverse odor responses among
mitral/tufted cells. It would also be interesting to examine how odor
response proﬁles of individual mitral/tufted cells change during
development and how each type of inhibitory neuron contribute
to these changes.
3.3. Global gain control by parvalbumin-expressing interneurons
Lateral dendrites of mitral/tufted cells form dense connec-
tions with yet another interneurons: parvalbumin-expressing
interneurons (PV neurons) located in the external plexiform layer
[64,67,68]. PV neurons form dense connections with mitral/tufted
cells. As a result, PV neurons are broadly tuned to various odor and
airﬂow-induced mechanical signals, and their calcium responses
were proportionally increased by total sensory inputs. PV neurons
send dense GABAergic inhibition back to mitral/tufted cells. Thus,
PV neurons linearly control global gain of mitral/tufted cells.
3.4. Intrabulbar projection of tufted cells
OSNs expressing a given type of OR typically project their axons
to a pair of glomeruli, one in medial and the other in lateral side.
Medial and lateral glomeruli are innervated by OSN axons from
anterolateral and posteromedial part of the olfactory epithelium,
respectively. Therefore, olfactory map  in the OB  is arranged in a
mirror-symmetric fashion. Tufted cells project their axon collater-
als precisely to the isotypic glomerular locations on the other side of
the OB, where they form synapses with granule cells [69] (Fig. 2B).
This intrabulbar projection may  coordinate lateral and medial
glomeruli for an OR by mutual inhibition. It has been hypothe-
sized that lateral and medial glomeruli may  detect inhalation and
exhalation, respectively [70], and in such a scenario, intrabulbar
projection may  mediate contrast enhancement. Alternatively, lat-
eral and medial glomeruli may be synchronized by strong odor
stimuli for cortical outputs [71,72]. These hypotheses need to be
tested more closely in the future studies using ﬂuorescently labeled
OR gene knock-in animals.
The intrabulbar projection of tufted cells is an intriguing topic
of wiring. It has been shown that coarse topography of intrab-
ulbar projection is formed in an activity-independent manner;
however, reﬁnement to establish the precise connectivity requires
sensory-evoked activity [73]. Unlike other sensory systems, there
is no critical period for this activity-dependent reﬁnement process,
i.e., plasticity persists throughout life. It remains to be determined
whether this process is regulated by odor-evoked signals or sponta-
neous activity of OSNs. It is also unclear how the activity provides
wiring speciﬁcity; this may  be OR-speciﬁc strength or timing of
neuronal activity. In the future studies, in vivo imaging and optoge-
netic manipulation of neuronal activity may  help extract important
parameter for the wiring speciﬁcity.
3.5. Origins of interneuron diversity
In the OB, GABAergic interneurons outnumber excitatory
mitral/tufted cells by ∼100, which is much higher than other
part of the brain. The OB interneurons play crucial roles in odor
information processing, including gain control, lateral inhibition,
centrifugal regulations, and neuronal oscillations. During embry-
onic and early postnatal periods, OB interneurons are produced
in the lateral ganglionic eminence (LGE) of telencephalon. OB
interneurons are extensively generated during late embryonic to
neonatal stages, but it continues throughout the life of animals at
moderate levels; OB interneurons and hippocampal granule cells
184 T. Imai / Seminars in Cell & Developmental Biology 35 (2014) 180–188
Fig. 3. Cortical projection of mitral and tufted cells. Ventrolateral view of the brain is schematically shown. A typical glomerulus is innervated by 20–50 mitral/tufted cells.
Tufted cells show topographic axonal projection to the other side of the OB (intrabulbar projection) and to the AONpE, which link to the contralateral OB. Tufted cells
also  project their axons to the posteroventral part of anterior olfactory nucleus, ventrorostral part of anterior piriform cortex, and cap region of olfactory tubercle, which
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mre  located adjacent to each other. In contrast, mitral cells project their axons disp
ntorhinal cortex, cortical amygdala, anterior olfactory nucleus, tenia tecta, and co
ells  suggests parallel information processing by the two pathways. Schematic draw
re only neurons generated in the adult rodents. In the adult brain,
B interneurons are generated in the subventricular zone (SVZ),
hich is derived from embryonic LGE. These neurons migrate
hrough the rostral migratory stream (RMS) to integrate into the
B circuits. Thus, many of the OB interneurons are continuously
eplaced in the adult.
OB interneurons are morphologically, chemically, and elec-
rophysiologically diverse. During embryonic to early postnatal
eriods, different types of OB interneurons are generated at dif-
erent developmental timing [74]. Recent studies indicated that
istinct types of OB interneurons are generated from distinct types
f progenitors expressing different transcription factors, including
mx1, Gsh2, Nkx2.1,  Nkx2.6,  Gli1, and Zic [75–77]. Although cell lin-
age deﬁnes the interneuron subtypes, it does not constrain the
nal destinations (i.e., associated mitral/tufted cells) of the neurons
ithin the OB [78].
. Cortical projection
.1. Cortical projection of mitral/tufted cells
Axons of mitral/tufted cells are fasciculated and form lateral
lfactory tract. They extend multiple collaterals that project to
arious areas of the olfactory cortex, including anterior olfac-
ory nucleus, olfactory tubercle, piriform cortex, lateral entorhinal
ortex, cortical amygdala, etc. (Fig. 3). When mitral/tufted cells
ssociated with a single glomerulus were labeled, their axons
xtensively covered almost entire area of the olfactory cortex
9,79]. This means that overall topography in the OB is not pre-
erved in many areas of the olfactory cortex including piriform
ortex. Transsynaptic retrograde tracing and functional mapping
emonstrated that piriform neurons receive convergent inputs
rom multiple glomeruli [26,66,80,81]. In addition, 2-photon cal-
ium imaging of piriform cortex failed to ﬁnd any topographic
epresentation of odors [82]. It has been suggested that the piri-
orm cortex may  mediate formation of odor association memory
83]. However, it should also be mentioned that some area of
he olfactory cortex receives biased inputs from particular areas
f the OB [9,26,31]. These areas may  mediate innate stereotyped
ehaviors to odors. Functional distinctions of each area of the
lfactory cortex will be an intriguing issue for future experi-
ents.ly to the remaining parts of the olfactory cortex, including piriform cortex, lateral
region of olfactory tubercle. The segregated axonal projection by mitral and tufted
s based on [31,79].
4.2. AONpE and interbulbar connections
Tufted cells are known to project their axon collaterals topo-
graphically to the anterior olfactory nucleus pars externa (AONpE)
[84]. Axons of AONpE neurons cross the anterior commissure and
target granule cells in the contralateral OB. The di-synaptic OB –
AONpE – contralateral OB connection precisely link isofunctional
glomerular modules (Fig. 2B). This mutual inhibitory circuitry may
enhance contrast between inputs to two  nostrils and help the
‘stereo’ sensation of an odor [85–87]. Alternatively, this precise
connectivity may  coordinate olfactory memory between two hemi-
spheres of the brain [84]. Like intrabulbar projection of tufted cells,
topographic projection to the AONpE may  be established by neu-
ronal activity, but this possibility has yet to be examined.
4.3. Mitral cell vs. tufted cell pathways
Mitral and tufted cells are distinct not only in the intrabulbar cir-
cuitry, but also for their cortical projections (Fig. 3). Axonal tracing
experiments demonstrated that they project to segregated regions
of the olfactory cortex [31,79]. In addition to AONpE, tufted cells
project their axons to the posteroventral part of anterior olfac-
tory nucleus, ventrorostral part of anterior piriform cortex, and
cap region of olfactory tubercle, which are located closely to each
other. In contrast, mitral cells project their axons dispersedly to
the remaining parts of the olfactory cortex, including piriform cor-
tex, lateral entorhinal cortex, cortical amygdala, anterior olfactory
nucleus, tenia tecta, and cortical region of olfactory tubercle. These
results support the idea that different aspects of odor information
processed by mitral and tufted cells are differentially processed by
distinct cortical regions.
4.4. How is the OR-speciﬁc cortical circuitry established?
At present, it remains unclear to what extent cortical projection
patterns are divergent among mitral/tufted cells belonging to dif-
ferent glomeruli, because only a few datasets have been reported
so far [9,27,31]. In Drosophila,  axonal projection to the lateral horn
is OR-speciﬁc and stereotyped, whereas that for mushroom body is
apparently random [88]. A more comprehensive projectome anal-
ysis will be necessary to understand how inputs to different OR
lead to distinct odor-evoked behavior, as has been performed in
Drosophila projection neurons [89] and zebraﬁsh mitral cells [90].
A further intriguing question would be to what extent their axonal
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rojection proﬁles are regulated by the intrinsic genetic program
nd inputs from OSNs.
It also remains unclear whether mitral and tufted cells can
e further subdivided into different classes based on their func-
ions and axonal projection areas, similarly to the retinal ganglion
ell subtypes in the retina [91]. These important issues may  be
ddressed utilizing single-cell transcriptome analyses, neuronal
abeling/manipulation techniques, and by ongoing efforts in con-
ectomics.
. Centrifugal regulation of the OB
.1. Cortical feedback
OB receives inputs not only from OSNs but also from centrifu-
al ﬁbers. Pyramidal neurons in the piriform cortex send axons
ack to the ipsilateral OB. Neurons in the anterior olfactory nucleus
roject axons to both ipsilateral and contralateral OB. These axons
irectly excite GABAergic granule cells, periglomerular cells, super-
cial short axon cells (glomerular layer), and deep short axon
ells (granule cell layer) [92,93]. Then, these interneurons inhibit
itral/tufted cells. Deep short axon cells also inhibit granule cells;
hus, cortical feedback to the deep short axon cells results in dis-
nhibition of mitral/tufted cells [93]. Mitral/tufted cells may  also
eceive direct excitation from anterior olfactory nucleus [84,92].
peciﬁcity of centrifugal projection is an interesting but entirely
naddressed question.
.2. Neuromodulation
OB is also regulated by neuromodulatory systems, including
holinergic, noradrenergic, and serotonergic systems [94]. For
xample, cholinergic modulation has been implicated for attention,
earning, and memory in several sensory systems. The OB receives
assive inputs from the horizontal limb of the diagonal band
f Broca (HDB) of the basal forebrain where cholinergic neurons
eside [95]. Odor response tuning of mitral/tufted cells are sharp-
ned by cholinergic inputs at multiple levels, facilitating contrast
nhancement [96–98]. GABAergic neurons in HDB, which directly
nhibit granule cells, are also important for olfactory discrimina-
ion [99]. It will be interesting to examine how odor representation
y mitral/tufted cells in vivo is shaped by attention, arousal, or
ssociation, mediated by neuromodulatory systems. Reporters for
euromodulation, previously used in Drosophila,  may be useful to
nderstand regulation and glomerular speciﬁcity of the neuromod-
latory systems [100].
. Odor coding strategy in the OB
.1. Representation of odor information in the olfactory map
Genetic dissection has revealed domain organization of the OB.
B can be divided into (from dorsal to ventral): DIII (for Taars),
I (for class I ORs), DII and V domains (for class II ORs), based
SN locations in the olfactory epithelium and expressed OR classes
42,70,101,102]. Odorants with similar molecular features tend to
ctivate similar areas of the OB. Therefore, OB map  can be further
ivided into smaller clusters based on odor tuning speciﬁcity [103].
owever, the “chemotopy” is less clear at the local scale and similar
dorants do not necessarily activate nearby glomeruli [104].
Representation of odor information in the OB is dynamic, espe-
ially in awake animals. Sniff speed and frequency affect sensitivity
nd temporal patterns of representations, respectively [105–107].
dor representation is sparser in awake animals, likely because
nhibitory neurons are more active [57,108,109].ntal Biology 35 (2014) 180–188 185
6.2. Temporal odor coding: latency code
Odor information is represented in the OB not only as a spatial
map, but also as temporal activation patterns (reviewed in [110]).
It has been reported that odor response latencies are glomeru-
lus, odor identity, and concentration-speciﬁc [33,111–115]. By
temporally precise optogenetic activation of OSNs it was demon-
strated that mice can discriminate different activation timing (or
phases) within a sniff cycle [116,117]. This phase odor coding in
mitral/tufted cells is reminiscent of hippocampal place cells, in
which the phase of theta oscillations encode place information
[118,119]. Although the relative contribution of spatial and tempo-
ral patterns in odor information coding remains unclear, a recent
study demonstrated that piriform cortex neurons are sensitive to
temporal activation patterns of different glomeruli; some neurons
detect coincidence and others detect the temporal lag of activation
in different glomeruli [66]. As a result, temporal code in the OB
is converted to rate code in the piriform cortex [120]. The mech-
anism to ensure precise temporal activation patterns in the OB
remains unknown: they may  originate from precise activation tim-
ing of OSNs or by interglomerular inhibitory circuitry to produce
temporal delay.
6.3. Pattern decorrelation
Calcium imaging of zebraﬁsh mitral cells revealed that odor-
response patterns are gradually decorrelated over time, and this
“pattern decorrelation” is proposed as a mechanism for odor dis-
crimination [121,122]. This slow decorrelation (a few seconds) is
also observed in the mouse OB [109]. However, contribution of this
slow decorrelation in the mammalian olfaction remains enigmatic,
because rodents can discriminate odors in one sniff (a few hundred
milliseconds), which is much faster than the decorrelation process
[123]. So far, no functional evidence has been provided for the roles
of decorrelation process.
It will be important to determine which temporal pattern carries
each aspect of odor information (e.g., odor identity, concentration,
etc.). The anatomical bases for temporal odor coding will also be an
important topic in olfactory research.
6.4. Theta and gamma oscillations
Neuronal oscillations are found in many brain regions and
implicated for information coding, transfer, and learning process.
In the OB, theta oscillations (3–10 Hz) and gamma  oscillations
(40–100 Hz) are well described in mitral/tufted cells. Theta oscilla-
tions are coupled with respiration cycles, and thus may  serve as a
reference for temporal odor coding [113]. OB theta oscillations are
also hypothesized to communicate with hippocampal theta oscil-
lations during odor memory formation [115]. OB theta oscillations
may  be driven by OSN inputs or by centrifugal top down inputs
[124,125]. Glomerular-layer interneurons have also been suggested
to generate theta oscillations, but the exact mechanisms involved
need to be determined in future studies [126].
Gamma  oscillations are also sniff-paced, OB-wide oscillations
and are enhanced by odor stimuli. OB gamma  oscillations are
produced by interactions between mitral/tufted cells and gran-
ule cells. A recent study using pharmacological manipulation of
GABAA receptors speciﬁcally eliminated OB gamma oscillations
and demonstrated that gamma  oscillations are required for odor
discriminations in vivo [127]. Gamma  oscillations coupling across
brain areas are important for odor information transfer and learn-
ing process [128].
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. Plasticity and learning in the OB circuit
.1. Learning in the OB
Learning-related plasticity is already found at OSN axon
erminals. A recent imaging study using anesthetized animals
emonstrated that representations of odors at OSN axon terminals
re changed by fear association learning [129]. Changes in presyn-
ptic inhibition, modulated by centrifugal inputs, are an excellent
andidate for this plasticity. Another recent in vivo calcium imaging
tudy using awake animals demonstrated odor response plasticity
n mitral cells [109]. This study demonstrated that odor responses
re gradually reduced by repeated odor exposures without asso-
iation. This plasticity was found only during wakefulness and
s considered as a mechanism to increase saliency to unfamiliar
dorants. Future in vivo calcium imaging studies incorporating
ssociations and attention may  reveal more dynamic plasticity in
he OB circuitry.
.2. Structural plasticity of OB circuitry and adult neurogenesis
Structural stability of OB circuitry has been studied by chronic
n vivo imaging. Morphology of mitral cell dendrites is relatively
table in adult mice [130]. In contrast, OB interneurons are more
ynamic partly because they are continuously replaced by adult-
orn interneurons [131,132]. Thus, it is likely that interneurons play
ore important roles for functional plasticity of OB circuitry.
OB interneurons are continuously generated in the SVZ and sup-
lied to the OB [133]. It is estimated that ∼1% of OB interneurons
re supplied per day. However, not all of them are integrated into
unctional OB circuits. During 2–4 weeks after neurogenesis, when
unctional synapses are formed in the OB, about half of adult-born
eurons are eliminated by apoptosis [134,135]. The neuronal sur-
ival depends on neuronal activity: blockade of neuronal activity
acilitates apoptosis. Apoptosis occurs during slow-wave sleep after
ood intake (likely, odor experience) [136]. Top-down inputs during
low-wave sleep may  control survival of adult-born neurons in the
B [137,138]. However, it remains unclear how the survival deci-
ions are inﬂuenced by prior experience and how the top-down
nputs facilitate apoptosis. The functional signiﬁcance of the sur-
ival selection and neuronal replacement are also important issues
or future studies [139–141].
. Concluding remarks
This review has described the circuit diagram, function, and
evelopment of the mouse OB. Compared with studies in other
ensory cortices, the OB has several advantages. (1) OB receives
irect inputs from sensory neurons and they are modiﬁed by mul-
iple layers of inhibitory circuits and centrifugal modulations. (2)
B circuit shows anatomically distinct organization, where each
lomerulus represents a microcircuit. (3) OB is accessible for in vivo
lectrophysiology and imaging. (4) Wiring in the OB appears to be
irectly linked to behavior. It should also be noted that olfaction is
ikely the most important sensory modality for the mouse, the best
enetically tractable mammalian species.
Progress in functional studies in the OB provides exciting new
uestions in neuronal wiring. Firstly, as the glomerulus is the func-
ional unit of OB information processing, and the establishment
f the glomerular circuitry involves selective dendrite pruning, an
mportant question is how the choice of the dendrite is made. Sec-
ndly, seeing as lateral connectivity involving short axon cells and
ranule cells is complicated, the rules and functional outcome of
he wiring are intriguing areas of research. Third, the mechanistic
asis for the remarkable speciﬁcity of intrabulbar and interbulbarntal Biology 35 (2014) 180–188
projections is an important topic. Fourth, the underlying circuitry
for temporal odor coding will be an exciting new ﬁeld of research.
Finally, the OB can be a good model to study the circuit basis
of learning and plasticity. All these aspects have been difﬁcult to
address using classical genetic approaches, and have emerged from
functional studies of the OB. Combined with recent development
of optogenetics, in vivo imaging, and connectomics, studies in OB
circuits promise an important platform to understand how brain
works and how brain develops.
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